The distribution of ribosomes, 30 and 50S subunits and polysomes, at three different growth rates of Escherichia coli strains B and K-12 has been studied. The Cultures were grown at 30 C on M63 medium supplemented with any required nutritional factor. To obtain the maximum, medium, and slow growth rates, 0.4% glucose-0.4% Casamino Acids-0.3% yeast extract (medium 1), 0.4% glucose (medium 2), 0.4% succinate (medium 3), respectively, were added. Cultures were inoculated from an overnight culture in the same media.
generations/hour), = 0.45 at 30C, the proportion of subunits is about 30%. An exceptional situation exists in K-12 strains growing at maximum growth rate, g = 1.35, where the percentage of subunits is 45%. Several points of control over ribosome production are thus indicated. It is suggested that "subunit pool" is essentially a reserve. Furthermore, the polysome content when related to deoxyribonucleic acid content varies directly with the growth rate, which indicates the average efficiency of polysomes in protein synthesis does not vary over the range of growth rates tested.
Bacteria growing at different rates have often been used in studying control of ribonucleic acid (RNA) metabolism. The studies of the Maal0e group (12) showed that the RNA-deoxyribonucleic acid (DNA) ratio is higher in cells growing at a faster rate, and, in fact, RNA-DNA increases linearly with the growth rate. Continuing this line of investigation, Neidhardt and Magasanik (16) found that at two growth rates of Aerobacter aerogenes, the transfer RNA (tRNA)-ribosomal RNA (rRNA) was the same. In a more extensive study, Rosset, Julien, and Monier (20) showed that the tRNA-rRNA is essentially constant over a wide range of growth rates of Escherichia coli but increases at growth rates (g = generations/hour) below g = 0.5.
Recent improvements in technique for lysing cells now permit the isolation of polysomes in apparently undamaged state and also in good yield (7) . Thus, we now report the distribution of ribosomal particles, 30, 50, and 70S and polysomes, in E. coli growing at different rates. This study was begun to investigate two hypotheses: (i) that there may be a correlation between ribosomal subunit levels and growth rate; and (ii) to restudy the efficiency of ribosomes in protein synthesis and also to compare E. coli B with K-12 (which contains at all growth rates more RNA than E. coli B) in this respect.
A preliminary report of this work has appeared (24) . ' Cultures were grown at 30 C on M63 medium supplemented with any required nutritional factor. To obtain the maximum, medium, and slow growth rates, 0.4% glucose-0.4% Casamino Acids-0.3% yeast extract (medium 1), 0.4% glucose (medium 2), 0.4% succinate (medium 3), respectively, were added. Cultures were inoculated from an overnight culture in the same media.
Lysis method. Log-phase cultures were poured over 0.5 volume of crushed ice and centrifuged, and the cells were suspended in 20% sucrose containing 5 x 10-2 M Na2HPO4, pH 8.5. Cell density of the suspension was about 5 x 109 cells/ml. Ethylenediaminetetraacetate (EDTA) was then added to 10-3 M and lysozyme to 100 gg/ml. After 2 min the suspension was made 10-2 M MgSO4 and then 0.5% Brij 58 and 0.2% desoxycholate. The final volume was twice the original volume. Slower growing cells and E. coli K-12 in general were more difficult to lyse. Thus, for cells grown in medium 3, the lysosome treatment was increased to 5 min. Increasing the time of lysozyme treatment from 2 to 5 min had no effect on the ribosome profiles. Approximately 90% of the radioactive uracil after two generations of labeling is found in the supernatant fluid after centrifugation for 15 min at 20,000 x g. Inspection of several lysates by phase-contrast microscopy showed only rare spheroplasts or whole cells per field. This VARRICCHIO AND MONIER lysis procedure is based on that of Godson (7) . We have used phosphate buffer, because lysis seemed to be more reliable in this buffer than in tris(hydroxymethyl) aminomethane (Tris) buffer, particularly at the buffer concentrations used.
Sucrose gradients. One-milliliter samples of the lysate were layered on 15 to 30% linear sucrose gradients. The sucrose solutions were made according to convention (e.g., 15 g of sucrose plus 85 ml of buffer) in a buffer containing 5 x 10-3 M Tris-hydrochloride, 10-2 M MgSO4, and 6 x 10-2 M NaCl (or KCI) at pH 7.5. Gradients were centrifuged in a SW 25-1 head for 15 hr at 13,000 rev/min to display polysomes, and 16.5 hr at 24,000 rev/min to display the subunits. Fractions of I ml were collected by using an Isco gradient fractionator. The optical density of 260 nm of each fraction was measured after dilution with an equal volume of 0.15 M NaCl. Similar results were obtained when cell debris were first removed by centrifugation for 5 min at 10,000 x g.
Cbemical analysis. Samples of the final cell suspension were precipitated for 24 hr in cold 5% trichloroacetic acid and analyzed for protein (11) , DNA (3) , and RNA (21) after separation of nucleic acids from protein by hot 5% trichloroacetic extraction.
Materials. Brij 58 was obtained from Atlas Chemical Industries. Sodium deoxycholate and sucrose were products of E. Merck AG, Darmstadt, Germany. Deoxyribonuclease (Worthington, Biochemical Corp.) was further purified by the method of Keller et al. (10) .
Choice of experimental coumitions. Phillips et al. (18) have recently pointed out that the presence of K+ in the lysing media and sucrose gradients results in a considerably higher proportion of 70S ribosomes in bacterial extracts than when Na+ salts are used. Whereas our lysing media always contained Na+ salts, gradients originally contained K+. Figure I shows the ribosomal subunit pattern in an extract of E. coli K-12 when the gradients contain K+. This curve can be compared with the subunit curve in Fig. 2B . The extracts were prepared identically, but the gradients used for the analysis shown in Fig. 2 contained Na+. The total amount of RNA applied to the gradients was similar. There is very clearly less, one-half to one-third, 70S in the latter case. A similar high proportion of 70S is observed when extracts of E. coli ribonuclease 1-10 are analyzed on K+-containing gradients. As ribonuclease 1-10 is ribonuclease I minus, this observation excludes the possibility that the increased 70S is due to ribonuclease I. Although the proportion of 30 plus 50S ribosomes to the total ribosomes is similar in either case with cells growing at the maximum growth rate, at the lowest growth rate studied less 30 plus 50S is found when the gradients contain K+. In addition, the 50 to 30S ratio was nearer the expected 2 when Na+-containing gradients were used.
We presumed that the conditions which result in less 70S are better. Therefore, the results discussed in this paper are those obtained with Na+-containing gradients unless the use of K+ gradients is specifically mentioned. An almost complete set of experiments has been done in which analyses were done with K+-containing gradients. In general, there was little difference in the results if K+ gradients were used, and, therefore, most of the conclusions reached in this paper are not affected by the type of gradients used. However, since it is not yet certain (1) which condition better reflects the in vivo situation, some of these results are shown in parentheses in Table 1 .
The danger of using large quantities of deoxycholate because deoxycholate complexes Mg2+, thereby reducing the effective Mg2+ concentration, has been pointed out (19) . The quantity of Mg2+ added in our procedure is at least two times that required to maintain the 705 ribosomes.
We have continued to use both deoxycholate and Brij 58 in the lysis, although the yield and ribosome pattern appeared to be the same when Brij 58 alone was used. The RNA yield is lower when deoxyribonuclease is not added, but there does not seem to be a specific loss of any ribosome fraction.
RESULTS
Several strains of E. coli were grown; cell extracts were prepared identically, and the extracts were analyzed on sucrose gradients as described above.
The ribosome patterns from extracts of E. coli B and K-12 grown at the maximum growth rate are shown in Fig. 2A and B, respectively. Clearly, there are many more 30 and 50S ribosomes in the extract from K-12. Ribosome patterns for E. coli K-12 grown at medium and slow growth rates are shown in Fig. 3 unusually high subunit percentage is a property of cells grown at maximum growth rate. The subunit content of E. coli ML308, EAI (stringent), EA2 (relaxed), T-10, A. aerogenes; and S. typhimurium grown in medium 1 was examined by the procedure described above. A high (40%) subunit percentage was found only in extracts of EAI, EA2, and T-10 which are in fact K-12 strains. It is likely that the behavior of E. coli K-12 at maximum growth rate is unique, with other strains behaving as does E. coli B. Figure 5 presents the RNA-DNA ratios and polysome-DNA ratios for E. coli B and K-12 as a function of growth rate. The RNA-DNA values are essentially as reported by Rosset et al. (20) . There is a linear relationship for each strain and K-12 contains more RNA than E. coli B at any given growth rate. However, when the polysome-DNA is plotted versus growth rate, the values for both strains at all growth rates fall on a straight line.
Two other observations deserve comment. In Fig. 2 to 4 there is a small but distinct 70S peak. Such a peak has been observed in all extracts analyzed on Na+-containing gradients and represents 4 to 7% of total ribosomes. This is prob- 3 . Ribosome profile in extract of E. coli K-12 grown in glucose minimal media, medium 2. Seven and one-half optical density units were layered on Na+-containing gradients. The profile has been normalized so that it may be directly compared with the other experiments.
and is presumed to be 50S precursor (6) .
In an attempt to obtain some further information on the role of the free subunits, ribosome profiles were examined in cells at various intervals after shift-up. A culture of E. coli B in medium 3, A = 0.50, was made 0.4% glucose and 0.4% Casamino Acids. Within $ min, the percentage of subunits had fallen from 32 to 21% and remained at that level for at least 30 min. The decrease in free subunits was accompanied by an increase in polysomes. At 1 to 3 min after shift-up, the ratio of 50 to 305 subunits approaches 1, small peaks and shoulders of about 33 and 43S are sometimes seen, and the major peaks are broadened. By about 5 min the subunit pattern has returned to normal. Uracil incorpo- ration increases slightly in the interval I min to 5 to 10 min after shift-up and then increases further to a rate which is constant up to 30 min. DISCUSSION In this study, as in all others, free 30 and 50S ribosomes were found. These are often called native in distinction to 30 and 505 derived from dissociation of 70S ribosomes which are termed derived. In any case, the answer to the first question asked at the beginning of this study (is there a correlation between ribosomal subunit levels and growth rate) is no. Actually, under equilibrium conditions, the percentage of subunits to total ribosomes is rather constant at about 20%. has previously been reported for Bacillus megatherium (21) and Azotobacter vinelandii (17) . However, at the lowest growth rate studied, A = 0.4, both in E. coli B and K-12 the subunits made up about 30% of the total ribosome population. This could be a manifestation of the rate of ribosome production approaching or having reached a basal level. As shown in Table I in this instance, there is a significant difference between results obtained with Na+-containing gradients and those containing K+. The percentage of 30 plus 50S in the latter case is approximately twice that of the former. The difference is not completely accounted for by an increase in 70S material.
The situation with E. coli K-12 at maximum growth rate would seem clearly to be a case of ribosome production more or less out of control. Such a control could be positive, depending on the availability of nucleotides or amino acids, or both; or there could be a negative control based on a feedback effect by one or both of the subunits. If there were only one control on ribosome synthesis, then the overproduction of subunits by E. coli K-12 at j = 1.35 would point to the positive type of control. However, there is no reason to exclude the existence of several types of points of control. For example, one may consider that there is one control for the minimum level of synthesis and another for the maximum. As the subunits in E. coli K-12 at t = 1.0 are the same fraction of the total as at gs = 0.67, it would seem that there is at least a separate control for the maximum level of ribosome synthesis. Otherwise, the percentage of subunits in E. coli K-12 would be expected to increase in a regular fashion with the growth rate. The observation of an increased level of subunits (up to 70% on occasion) in E. coli K-12 may help to explain two older observations. The first is that K-12 strains of E. coli contain more RNA per DNA than B strains at a given growth rate; e.g., Fig. 5 . The second is that K-12 strains grow slower on a given media than E. coli B, which could be due to inefficient use of precursors or the overproduction of rRNA or ribosomal proteins, or both.
In addition, the defect which results in an overproduction of ribosomes in E. coli K-12 grown in rich media may be an enabling or predisposing condition for the manifestation of the relaxed state. Edlin and Broda (4) have noted that attempts to produce relaxed mutants of E. coli B have not been successful.
The second major conclusion of this study is that the average efficiency of polysomes in protein synthesis is constant over the range of growth rates tested. The efficiency is also the 0. Table 1. same for both E. coli strains tested, although one strain contains relatively more RNA than the other. This does not mean that under some circumstances, some or all of the polysomes could not function at a higher efficiency than that which obtains during the steady state. A recent note (5) makes the same conclusion with respect to E. coli B.
The existence of a subunit pool and its behavior during shift-up show that the ribosome supply is not rate limiting in protein synthesis. The free subunits may, in fact, be considered a reserve. This could explain the observation that E. coli can increase their rate of protein synthesis immediately after shift-up (14) . Harvey (9) has recently arrived at a similar conclusion after a study of the kinetics of RNA and protein synthesis in E. coli during shift-up.
Based on present knowledge of protein synthesis, either initiation or elongation factors or messenger RNA (mRNA) may be considered as the rate-limiting element. Gordon (8) has studied the amount of E. coli elongation factors at several growth rates and found the amount of elongation factors per ribosome to be constant (I each per ribosome based on total ribosome content). Such a study has not been reported for the initiation factors. However, the more likely possibility is that mRNA synthesis is rate limiting. This has been proposed by several authors and most recently by Mangiarotti and Schlessinger (13) who found by hybridization studies that most or all of the mRNA is contained in the polysomes. More recently, Morse, Baker, and Yanofsky (15) have calculated that the ribosomes attach to the growing tryptophan operon messenger just behind the RNA polymerase.
Finally, we would emphasize that, for this study, the bacterial extracts were prepared by a procedure designed to maximize the RNA yield. The total cellular RNA may function as, and be separable into, different populations (2) .
